In the present work, we show that the Galactic Center Excess (GCE) emission, as recently updated by the Fermi-LAT Collaboration, could be explained by a mixture of Fermi-bubbles-like emission plus dark matter (DM) annihilation, in the context of a scalar-singlet Higgs portal scenario (SHP). In fact, the standard SHP, where the DM particle, S, only has renormalizable interactions with the Higgs, is non-operational due to strong constraints, especially from DM direct detection limits. Thus we consider the most economical extension, called ESHP (for extended SHP), which consists solely in the addition of a second (more massive) scalar singlet in the dark sector. The second scalar can be integrated-out, leaving a standard SHP plus a dimension-6 operator. Mainly, this model has only two relevant parameters (the DM mass and the coupling of the dim-6 operator). DM annihilation occurs mainly into two Higgs bosons, SS → hh. We demonstrate that, despite its economy, the ESHP model provides an excellent fit to the GCE (with p-value ∼ 0.6−0.7) for very reasonable values of the parameters, in particular, m S 130 GeV. This agreement of the DM candidate to the GCE properties does not clash with other observables and keep the S−particle relic density at the accepted value for the DM content in the universe.
Introduction
The Large Area Telescope (LAT) [1] onboard the Fermi satellite has revealed the γ-ray sky with unprecedented detail, prompting the study of models of fundamental physics beyond the Standard Model (SM) in different ways [2] [3] [4] . Diverse studies of the Fermi-LAT data have identified that the Galactic Center area is brighter than expected from conventional models of diffuse γ-ray emission. Including in the interstellar diffuse emission fitting procedure a template compatible with predictions of DM annihilating to SM particles, following a slightly contracted Navarro-Frenk-White (NFW) profile, substantially improves the description of the data. The emission assigned to this extra template is the so-called Galactic Center excess (GCE) [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . In the recent analysis of ref. [15] , to study the GCE a representative set of models from ref. [16] was taken into account, along with different lists of detected point sources. The bottom line is that there remains a GCE emission, now peaked at the ∼ 3 GeV region, i.e. slightly shifted towards higher energies with respect to previous studies. In this paper we will consider the GCE emission obtained by using the so-called Sample Model (light blue points in Fig. 1 , see sect. 2.2 of ref. [15] for details on the model) and a combination of the covariance matrices derived in ref. [17] in order to perform the fits.
The nature of the GCE is under debate. Apart from the DM hypothesis, it has been proposed that the GCE can be due to collective emission of a population of point sources too dim to be detected individually [18] [19] [20] [21] [22] [23] [24] , or the result of fresh cosmic-ray particles injected in the Galactic Center region interacting with the ambient gas or radiation fields, see for instance ref. [25, 26] . Indeed, some studies favour a point-source population as explanation to the GCE emission [27] [28] [29] [30] [31] [32] , however further investigations on the data are required, since the GCE could be the result of a combination of phenomena at work in the inner Galaxy, including DM annihilation [33] . On the other hand, the GCE may well have different origins below and above ∼ 10 GeV [15, 34] . The high energy tail (E > 10 GeV) could be due to the extension of the Fermi bubbles observed at higher latitudes [15] or some mismodeling of the interstellar radiation fields and a putative high-energy electron population [26] . At lower energies (E < 10 GeV) the GCE might be due to DM annihilation, unresolved millisecond pulsars (MSP), or a combination of both, see for instance refs. [17, 33] . According to ref. [15] , the interpretation of the GCE as a signal for DM annihilation is not robust, but is not excluded either. Actually, it has been claimed in refs. [35] [36] [37] that a population of γ-ray pulsars cannot be responsible for the entire GCE emission.
On the other side, the interpretation of the GCE as originated by DM (with or without an astrophysical source for the high energy tail) is not straightforward, particularly in theoretically-sound models (see, for instance, Refs. [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [54] [55] [56] [57] [58] [59] [60] [61] ). The most common difficulty is that a DM model able to reproduce the GCE also leads to predictions on DM direct detection which are already excluded by present experiments. The PICO-60 [62] Blue points: GCE spectrum from ref. [15] using the Sample model, see the reference for more info. The light orange band represents the diagonal of the covariance matrix due to excesses along the Galactic Plane, obtained using the same procedure as for the GCE [17] . The dark orange band is the diagonal of the covariance matrix from variations in the GCE due to uncertainties in modelling diffuse emission from ref. [15] . For comparison we include the green points and shadow green area, obtained in the analysis of ref. [12] . dent cross-section) and XENON1T [63] (spin-independent cross-section) experiments provide the most stringent direct detection bounds, so far. Of course, things change for better if only a fraction of the low-energy GCE is associated to DM annihilation. For example, in the recent paper [17] it is shown that supersymmetric DM could be well responsible of ∼ 40% of the low-energy (E < 10 GeV) GCE emission. However, fitting the whole low-energy GCE just with DM emission is more challenging.
One of the most economical scenarios for DM is the Scalar Singlet-Higgs-Portal (SHP) model [64] [65] [66] where the DM particle is a singlet scalar, S, which interacts with the SM matter through couplings with the Higgs field, H. The relevant Lagrangian of the simplest SHP model contains only renormalizable terms and reads
Here it is assumed, for simplicity, that S is a real field (the modification for the complex case is trivial), subjected to a discrete symmetry S → −S in order to ensure the stability of the DM particles; otherwise, the above renormalizable Lagrangian is completely general. After electroweak (EW) breaking, the neutral Higgs field gets a vacuum expectation value, H 0 = (v+h)/ √ 2, giving rise to new terms, in particular a trilinear coupling between S and the Higgs boson, (λ S v/2)hS 2 . Since the DM self-coupling, λ 4 , plays little role in the DM dynamics, the model is essentially determined by two parameters: {m 0 , λ S } or, equivalently, {m S , λ S }, where m 2 S = m 2 0 +λ S v 2 /2 is the physical S−mass after EW breaking. Consequently, requiring that the observed DM relic density is entirely made of S−particles essentially corresponds to a line in the {m S , λ S } plane [67, 68] . This line becomes a region if one only requires the present density of S−particles to be a component of the whole DM relic density, i.e. Ω S ≤ Ω CDM .
The SHP model is subject to important observational constraints (in particular, bounds from DM direct-detection) which rule out large regions of the parameter space, see e.g. ref. [69] for a recent update. (The allowed region is somewhat larger when Ω S ≤ Ω CDM is tolerated.) As a consequence, only a narrow range of masses around the resonant region (m S ∼ m h /2) plus the region of higher masses (m S > ∼ 500 GeV) survive. When one tries to fit the (low-energy) GCE with the SHP, it turns out that only the (fairly tuned) resonant region can give some contribution to the flux excess, but still much lower than needed [70] . The optimal result (maximum contribution) is achieved when λ S is such that Ω S = Ω CDM , i.e. when the S-relic-density is maximal. In this paper, we re-visit this issue by considering a particularly economical extension of the SHP model, the so-called Extended-SHP (ESHP) model, which simply consists in the addition of a second (heavier) scalar singlet in the dark sector [69] . This extra particle can be integrated-out, leaving a standard SHP plus a dimension-6 operator, S 2 (|H| 2 − v 2 /2) 2 , which reproduces very well the ESHP results. In consequence, the model essentially adds just one extra parameter to the ordinary SHP. The main virtue of the ESHP is that it allows to rescue large regions of the SHP, leading to the correct relic density and avoiding the strong DM direct-detection constraints.
In section 2 we introduce the ESHP, explaining the main features of its phenomenology. In section 3 we explain the procedure followed to fit the GCE with the ESHP model. In section 4 we present the results, showing that, for large regions of the parameter space, the ESHP model provides excellent fits to the GCE. The conclusions are presented in section 5.
Extended Scalar-Higgs-Portal dark matter (ESHP)
As mentioned in the Introduction, the ESHP model simply consists in the addition of a second scalar-singlet to the SHP model. Denoting S 1 , S 2 the two scalar particles, subject to the global Z 2 symmetry, S 1 → −S 1 , S 2 → −S 2 in order to guarantee the stability of the 
where the dots stand for quartic interaction terms just involving S 1 , S 2 , which have very little impact in the phenomenology. The terms shown explicitly in the second line are responsible for the DM/SM interactions in the Higgs sector. Once more, after EW breaking,
We have chosen the definition of S 1 , S 2 , so that they correspond to the mass eigenstates with masses m 2
; hence the form of the last term in eq.(2.2). We denote S 1 the lightest mass eigenstate of the dark sector, and thus the DM particle.
The presence of the extra dark particle (S 2 ) leads to new annihilation and/or co-annihilation channels, making it possible to reproduce the correct relic abundance, even if the usual interaction of the DM particle (S 1 ) with the Higgs, λ 1 , is arbitrarily small [69] . This allows to easily avoid the bounds from direct and indirect DM searches. We will focus here in the case where S 2 is substantially heavier than S 1 . Then the main annihilation channel is S 1 S 1 → hh, exchanging S 2 in t−channel, left panel of Fig. 2 .
In this context, S 2 can be integrated-out, leading to an effective theory, whose Lagrangian is as in the ordinary scalar-singlet Higgs-portal, eq.(1.1), plus additional (higher-dimension)
where the dots stand for higher-order terms in S or H, and λ = λ 2 12 (500 GeV/m S 2 ) 2 . Fig. 2 , right panel, shows the DM annihilation process in the effective theory language, through the new operator.
A crucial feature of the above higher-order operator is that, after EW breaking, it leads to quartic (and higher) couplings between S and the Higgs boson, S 2 (h 2 + 2vh) 2 , without generating new cubic couplings, S 2 h (as a usual quartic coupling does). This fact is also obvious in the complete theory (see eq.(2.2) and left panel of Fig. 2) , since S 1 , S 2 are defined as mass eigenstates. Then, keeping the initial quartic coupling, 1 2 λ S S 2 |H| 2 , small, one can enhance the S annihilation without contributing to direct-detection processes (or to the Higgs invisible-width). Fig. 3 shows the performance of this effective SHP scenario. The lines shown in the {λ S , m S } plane correspond to the correct relic abundance for different values of the effective coupling λ . Note that the contribution from the effective operator becomes noticeable for m S > m h /2, i.e. when the annihilation channel into a pair of Higgs bosons gets kinematically allowed. For fixed m S , as λ increases, the value of λ S required to recover the observed relic abundance decreases, quickly becoming irrelevant. Then, for any m h /2 < m S < ∼ 500 GeV, there is a corresponding value of λ that does the job. In summary, the effective SHP scenario derived from the ESHP model contains three relevant parameters: {λ S , λ , m S }. In the next section we will study how well can this model fit the GCE emission, without conflicting with other observations.
Fitting the Galactic-Center Excess in the ESHP model
We will assume the GCE is originated by two different sources: an astrophysical one plus the emission from DM annihilation,
Concerning the astrophysical component, following the morphological studies in ref. [15] , a sensible hypothesis is that it is a continuation to lower Galactic latitudes of the Fermi bubbles. Above 10 • in Galactic latitude the spectral shape of the Fermi bubbles is well characterized by a power law, with index 1.9 ± 0.2, times an exponential cutoff, with cutoff energy 110 ± 50 GeV [71] . We assume the same modeling for the astrophysical component:
We leave α as a free parameter to test if we can recover the known Fermi-bubble spectral index above 10 • in Galactic latitude.
Regarding the DM part, we assume the S particles of the ESHP model acting as DM, and compute the corresponding emission spectrum in the ESHP parameter space, {λ S , λ , m S } using MicrOmegas 4.3.2 [72] . Since the main annihilation channel is the one depicted in Fig. 2 (right panel) , i.e. SS → hh, most of the photons come from the subsequent decay of the Higgs-bosons into bb, but there are other contributions coming from h → W W and even h → γγ (the latter gives an interesting spectral feature, as we will see below). The prompt Galactic Center flux coming from DM annihilations, Φ DM , is proportional to this spectrum times the so-called J−factor
where ρ is the DM density, r is the spherical distance from the Galactic Center, θ is the observational angle towards the GC and s is the line of sight (l.o.s.) variable. As usual, we assume a NFW profile
where r s is the scale radius (20 kpc), ρ s a scale density fixed by requiring the local DM density at the 8.5 kpc Galactocentric radius to be 0.4 GeV cm −3 ; and γ = 1.25 ± 0.8, as given in ref. [15] .
In summary, the fit contains 6 independent parameters: {N, α, E cut } (astrophysical part) and {λ S , λ , m S } (DM part). In order to assess the quality of a fit we construct the χ 2 −function: i,j is the inverse of the covariance matrix, which was derived in ref. [33] . Note that the derived information on the GCE spectrum in ref. [15] is enclosed in {Φ obs i ,Σ −1 i,j }. Since the functions used to fit the GCE are not linear, we cannot use the reduced χ 2 to compute p−values 2 . Instead, following ref. [33] , we will proceed in this way:
1. For each point under consideration in the ESHP parameter-space (defined by {λ S , λ , m S }),
we allow the astrophysical parameters, {N, α, E cut } to vary, in order to find the best fit to the data. This gives Φ m best .
2. Create a set of 10 7 pseudo-random (mock) data normal-distributed with mean at Φ m best , according toΣ i,j 3. Compute χ 2 for each data created in step 2.
4. Create a χ 2 distribution using the values from step 3.
5. The integrated χ 2 distribution up to the best-fit-χ 2 to the actual data, gives the p−value of the model.
It turns out that the shape of the χ 2 distribution is extraordinarily stable through the whole parameter space, so it can be settled once and for all, with a consequent saving of computation time. The χ 2 distribution is illustrated in Fig. 5 below.
In addition to the fit of the GCE data, we require that every point is not constrained by other DM detection observables like the spin-independent cross-section from the XENON1T experiment [63] and the thermal averaged annihilation cross section from the search of DM in dwarf spheroidal satellite galaxies of the Milky Way (dSphs) by the Fermi-LAT experiment [74] .
The spin-independent cross section is evaluated analytically. Parametrizing the Higgsnucleon coupling as f N m N /v, where m N 0.946 GeV is the mass of the nucleon, the spinindependent cross section, σ SI Sp , reads
where µ = m N m S /(m N + m S ) is the nucleon-DM reduced mass. The f N parameter contains the nucleon matrix elements, and its full expression can be found, e.g., in ref. [67] . Using the values for the latter obtained from the lattice evaluation [77] [78] [79] [80] [81] [82] , one arrives at f N = 0.30 ± 0.03, in agreement with Ref. [67] . The strongest results on spin-independent cross section are given by XENON1T.
Concerning constraints from dSphs, we use gamLike 1.1 [75] , a package designed for the evaluation of likelihoods for γ-ray searches which is based on the combined analysis of 15 dSphs using 6 years of Fermi-LAT data, processed with the pass-8 event-level analysis. For any point in the parameter space we scale the photon flux by the ξ 2 factor, with ξ ≡ Ω S /Ω CDM . GamLike provides a combined likelihood, with which we perform the test statistic [76] T
where µ denotes the parameters of the DM model, µ 0 corresponds to no-annihilating DM, θ are the nuisance parameters used in the Fermi-LAT analysis [74] , and D is the γ-ray data set . To find a 90% upper limit on the DM annihilation cross-section we look for changes in T S = 2.706.
Results
Despite having just three parameters, {λ S , λ , m S }, the ESHP model has regions of the parameter space that could be contributing significantly to the GCE without conflicting with other observables. In fact, this holds even if one of the parameters, λ S (the initial S 2 |H| 2 coupling in the ordinary SHP model) is set to zero, since the λ −coupling is enough to lead to sufficient DM annihilation to reproduce the correct relic density, without conflicting with direct-detection, as explained in section 2. Then, the ESHP model may work with just two parameters, as the standard SHP. A representative point in the ESHP parameter space, not rejected as a possible explanation of a significant fraction of the GCE is illustrated in Fig. 4 , which corresponds to the following values of the parameters:
Note that the λ S coupling is set to zero, so the value of λ is simply the required one to reproduce the correct relic density. The astrophysical exponent, α, becomes close to the estimations from the Fermi-buble emission at high latitudes, α 1.9. 3 The fit is quite good, with p−value=0.63 (coresponding to a χ 2 = 27.8 for the 27 energy-bins). As mentioned in the previous section, this p−value is obtained from the associated χ 2 distribution, which for this particular point is shown in Fig. 5 . Fig. 4 also shows an amusing peculiarity. Namely, the h → γγ decay contributes very little to the total flux, but located around a typical energy E m S /2 65 GeV. This corresponds to a visible feature in the red line, which produces a bump in the total flux in a bin where data show a peak as well. The feature, however, is spread over the ∼ 40 − 80 GeV range since the Higgs giving the two photons has a non-vanishing momentum. Consequently, the usual Fermi-LAT contraints on γ-lines are not applicable here. In addition, the total flux coming from this process is below the present limits on lines at ∼ 65 GeV [53] . So, even if it were concentrated at that energy it would be non-detectable yet. Nevertheless, it is not unthinkable that a future dedicated search could be sensitive to this feature. 6 shows the p−value in the {m S , λ S } plane, where λ is adjusted for each point in order to reproduce the correct relic density. The XENON1T bound is also shown. As expected, it only gives restrictions when λ S is sizeable, which is not necessary. The constraints from dSphs do not appear, as they do not give any constraint. Obviously, for small λ S the plot lacks structure in the vertical axis. horizontal bottom line of Fig. 6 . Below that curve the relic density is too high. The upper black curve corresponds to half of the relic density. Interestingly, models in the parameter space that reproduce the whole dark matter relic density with S particles are the ones with higher p−values. Indeed, the regions with an optimal fit of the GCE present a (slightly) too-large relic density, implying that the points along the "Planck"-line tend to produce (slightly) less GC flux than required (recall here that the annihilation cross section of dark matter increases as (λ ) 2 , while the J-factor goes as ρ 2 DM ∼ (λ ) −4 ). In consequence, the possibility commented in the Introduction that only a fraction of the low-energy GCE is associated to DM annihilation is still the most advantageous one. However, in this scenario that fraction is remarkably close to the whole GCE.
The green curve gives the lower bound on λ from dwarf observations, taking into account the previosly mentioned ξ 2 factor. Clearly, dSphs limits do not impose any constraint in practice. Actually, it is apparent that the green curve corresponds to ξ > 1. Therefore, assuming that in that region of the parameter space the relic density is the observed one (thanks to some unspecified mechanism), as it is sometimes done, then the dSphs limit becomes even weaker. 
Conclusions
The Fermi-LAT Collaboration has recently presented a new analysis of the Galactic Center area based on the reprocessed Pass 8 event data, giving insight on the GCE emission. The analysis confirms the presence of the GCE, now peaked at the ∼ 3 GeV region, i.e. slightly shifted towards higher energies.
The GCE could be originated by the sum of a Fermi-bubble like emission plus another source, which might be DM annihilation, unresolved MSP, or a combination of both. Certainly, the interpretation of the GCE as DM emission is controversial but it remains an interesting possibility. On the other hand, such instance is not easy to implement in a particular, theoretically sound, DM model. Part of the difficulty comes from the fact that a DM model able to reproduce the GCE typically leads also to direct detection predictions which are already excluded by XENON1T. This is the case for one of the most economical and popular scenarios of DM, namely the Scalar Singlet-Higgs-Portal (SHP), where the DM particle is a singlet scalar, S, that interacts with the SM matter through couplings with the Higgs [70] .
In this paper we have considered a particularly economical extension of the SHP, the so-called ESHP, which simply consists in the addition of a second (heavier) scalar singlet in the dark sector. This extra particle can be integrated-out, leaving a standard SHP plus a dimension-6 operator, ∝ S 2 (|H| 2 − v 2 /2) 2 , which reproduces very well the ESHP results. Hence, the model just adds one extra relevant parameter to the ordinary SHP. Actually, the usual DM-Higgs quartic coupling of the SHP, λ S S 2 |H| 2 , can be safely set to zero (or a negligible value) since the dimension-6 operator can take care of all the phenomenology. The main virtue of the ESHP is that it allows to rescue large regions of the SHP parameter-space, leading to the correct relic density and avoiding the strong direct-detection constraints, as it does not imply any effective trilinear S 2 h coupling. Concerning DM annihilation, the main channel is into two Higgs bosons, SS → hh; thus most of the photons in the final state come from the subsequent decay of the latter into bb.
We have shown that, in large regions of the parameter space, the ESHP model produces excellent fits to the GCE in the E = 1 − 10 GeV region. The region above 10 GeV is well described by an additional power-law component which accounts for astrophysical Fermibubble-like contributions. Those favoured regions of the ESPH parameter-space are not in conflict with other observables, and reproduce the DM relic density at the Planck value. This is illustrated in Fig. 4 , which shows a very good fit, with p−value=0.63 (corresponding to a χ 2 = 27.8 for the 27 energy-bins), obtained with representative values of the model parameters, in particular the DM particle candidate has a mass m S 130 GeV. The secondary annihilation channel h → γγ, which contributes very little to the total flux, concentrates around a typical energy E m S /2 65 GeV. This produces a bump in the total flux in a bin where data show a peak as well.
We have demonstrated the global performance of the model by scanning the parameter space, both demanding correct relic density and allowing for a smaller one (which would require other DM components). Figs. 6, 7 show that large portions of the parameter space provide a sensible description of the GCE. We have also checked that direct-detection (XENON1T) and dSphs observations do not impose any relevant constraints in practice.
In summary, the ESHP model, which is a very economical extension of the popular scalarsinglet Higgs portal (SHP) model, provides a fair description of the GCE for very reasonable values of the parameters (unlike the SHP), in particular m S > ∼ 130 GeV, while keeping the correct DM relic density, and without conflicting with other direct and indirect detection data.
